ABSTRACT: Nucleophosmin (NPM1) is a multifunctional phosphoprotein localized predominantly within the nucleoli of eukaryotic cells. Mutations within its C-terminal domain are frequently observed in patients with acute myeloid leukemia (AML), are thought to play a key role in the initiation of the disease, and result in aberrant, cytoplasmic localization of the mutant protein. We have previously shown that the electrophilic antiproliferative natural product (+)-avrainvillamide (1) binds to proteins, including nucleophosmin, by S-alkylation of cysteine residues. Here, we report that avrainvillamide restores nucleolar localization of certain AML-associated mutant forms of NPM1 and provide evidence that this relocalization is mediated by interactions of avrainvillamide with mutant NPM1 and exportin-1 (Crm1). Immunofluorescence and mass spectrometric experiments employing a series of different NPM1 constructs suggest that a specific interaction between avrainvillamide and Cys275 of certain NPM1 mutants mediates the relocalization of these proteins to the nucleolus. Avrainvillamide treatment is also shown to inhibit nuclear export of Crm1 cargo proteins, including AML-associated NPM1 mutants. We also observe that avrainvillamide treatment displaces Thr199-phosphorylated NPM1 from duplicated centrosomes, leads to an accumulation of supernumerary centrosomes, and inhibits dephosphorylation of Thr199-phosphorylated NPM1 by protein phosphatase 1. Avrainvillamide is the first small molecule reported to relocalize specific cytoplasmic AML-associated NPM1 mutants to the nucleolus, providing an important demonstration of principle that small molecule induction of a wild-type NPM1 localization phenotype is feasible in certain human cancer cells.
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ABSTRACT: Nucleophosmin (NPM1) is a multifunctional phosphoprotein localized predominantly within the nucleoli of eukaryotic cells. Mutations within its C-terminal domain are frequently observed in patients with acute myeloid leukemia (AML), are thought to play a key role in the initiation of the disease, and result in aberrant, cytoplasmic localization of the mutant protein. We have previously shown that the electrophilic antiproliferative natural product (+)-avrainvillamide (1) binds to proteins, including nucleophosmin, by S-alkylation of cysteine residues. Here, we report that avrainvillamide restores nucleolar localization of certain AML-associated mutant forms of NPM1 and provide evidence that this relocalization is mediated by interactions of avrainvillamide with mutant NPM1 and exportin-1 (Crm1). Immunofluorescence and mass spectrometric experiments employing a series of different NPM1 constructs suggest that a specific interaction between avrainvillamide and Cys275 of certain NPM1 mutants mediates the relocalization of these proteins to the nucleolus. Avrainvillamide treatment is also shown to inhibit nuclear export of Crm1 cargo proteins, including AML-associated NPM1 mutants. We also observe that avrainvillamide treatment displaces Thr199-phosphorylated NPM1 from duplicated centrosomes, leads to an accumulation of supernumerary centrosomes, and inhibits dephosphorylation of Thr199-phosphorylated NPM1 by protein phosphatase 1. Avrainvillamide is the first small molecule reported to relocalize specific cytoplasmic AML-associated NPM1 mutants to the nucleolus, providing an important demonstration of principle that small molecule induction of a wild-type NPM1 localization phenotype is feasible in certain human cancer cells. N ucleophosmin (NPM1, also known as B23, NO38, or numatrin) is a multifunctional nucleolar phosphoprotein with roles in cell-cycle progression, 1,2 ribosome biogenesis, 3 and histone assembly. 4 NPM1 readily forms oligomers through its N-terminal domain, 5 is one of the most abundant proteins in the nucleolus, 6 and plays a role in the maintenance of nucleolar and nuclear structure. 7 It also functions as a molecular chaperone 8 and has been associated with both tumor suppresion 9, 10 and oncogenesis. 11−14 NPM1 is frequently overexpressed in human cancers, and this has been associated with c-Myc-mediated transformation and increased cellular proliferation. 15−17 Additionally, mutant forms of NPM1 characterized by distinct, aberrant localization patterns are frequently observed in blasts from patients with acute myeloid leukemia (AML). 18−20 The subcellular localization of NPM1 is controlled by several dynamic processes. Although NPM1 is predominantly localized within nucleoli, it shuttles continuously between the nucleolus, nucleoplasm, and cytoplasm in its role as a chaperone protein.
Additionally, a small fraction of NPM1 localizes to the centrosomes, where it plays an important role in cell-cycle regulation. The specific structural elements of NPM1 that determine its subcellular localization have been studied extensively. 21, 22 Wild-type NPM1 contains a bipartite nuclear localization sequence (NLS), two leucine-rich nuclear export sequences (NES), and a nucleolar localization sequence (NoLS), tryptophan residues 288 and 290. 23 The eGFP-NPM1-W288,290A fusion protein, which lacks the NoLS, is observed to localize throughout the nucleus, but not within the nucleolus. 24 Although the NoLS is required to ensure nucleolar localization of NPM1, several other features of NPM1 have been demonstrated to play critical roles in its proper localization as well (for a further discussion of factors influencing the subcellular localization of NPM1, please refer to the Supporting Information). 25 Mutations in the NPM1 gene are among the most common genetic aberrations in normal karyotype AML, with a prevalence of between 33 and 60% in adult patients. 18−20 Despite molecular heterogeneity, the majority of these mutations induce a reading-frame shift that leads to replacement of one or both residues Trp288 and Trp290, and thereby full or partial loss of the NoLS, as well as the introduction of a C-terminal NES at positions 289−296. The NES motifs in NPM1 mediate its transport out of the nucleus through interactions with the nuclear export receptor protein exportin-1 (Xpo1, also known as chromosome region maintenance 1 protein homologue, Crm1). 25 The addition of a third NES in AML-associated NPM1 mutants results in increased efficiency of Crm1-mediated nuclear export. The combination of the loss of the NoLS and the gain of an additional NES leads to an accumulation of NPM1 in the cytoplasm of cells, a phenotype referred to as NPMc+. 19 In NPM1Mutant A, the most common NPMc+ variant in AML patients, 18−20 both tryptophan residues comprising the NoLS are mutated, whereas the less common NPM1Mutant E contains a partial NoLS due to retention of Trp288, but not Trp290 ( Figure 1A ). Attempts thus far to correct the aberrant localization of NPMc+ proteins in AML cells with small molecules have focused on the development of selective inhibitors of Crm1, which induce nuclear retention of NPMc+ proteins but do not restore these variants to the nucleolus. 26−28 In addition to the essential role of Crm1 in the nuclear export of NPM1 and its leukemic NPMc+ variants, interactions between Crm1 and wild-type NPM1 have also been established to play a key role in cell-cycle regulation. Interactions between RanGTP and Crm1 recruit a fraction of Crm1 to the centrosomes; 29 Crm1 in turn interacts with the two NESs of NPM1, thereby recruiting NPM1 to centrosomes of nonmitotic cells. 30 NPM1 is phosphorylated on Thr199 by Cdk2/cyclin E late in G 1 phase, 31 which causes dissociation of the majority of NPM1 from the centrosomes, a step required for centrosome duplication to occur. 2, 32 Following centrosome duplication, Thr199-phosphorylated NPM1 reassociates with the duplicated centrosomes, ensuring that reduplication does not occur. It has been demonstrated that inhibiting NPM1 from associating with centrosomes leads to premature centrosome duplication and accumulation of supernumerary centrosomes. 1 Thus, both spatial control of Thr199-phosphorylated NPM1 during mitosis and precise control of the NPM1 Thr199 phosphorylation state throughout the cell cycle are required to ensure proper cellcycle regulation.
We reported the first evidence of a small molecule-NPM1 interaction with our discovery that activity-based probes based on the electrophilic antiproliferative natural product (+)-avrainvillamide (1, AVA, Figure 1B ) bind to NPM1 in cultured human cancer cells and in cell lysates. 33 Avrainvillamide binds reversibly to thiols, including cysteine residues of certain proteins, by conjugate addition of sulfhydryl groups to the α,β-unsaturated nitrone function of avrainvillamide. 33 Affinity isolation experiments employing a biotinylated avrainvillamide conjugate demonstrated that avrainvillamide binds both NPM1 and Crm1. Subsequent competition assays using a panel of fully synthetic avrainvillamide analogs revealed a correlation between their antiproliferative activities and NPM1 binding affinities. A similar correlation was not observed between antiproliferative activities and Crm1 binding affinities; for example, avrainvillamide and its non-natural enantiomer were essentially equally effective at inhibiting affinity isolation of Crm1 by the biotinylated avrainvillamide conjugate despite an approximately 3-fold difference in their antiproliferative activities in whole cell assays. To identify the cysteine residue (or residues) mediating the interaction between NPM1 and avrainvillamide, we generated three NPM1 constructs with single cysteine to alanine mutations of each of the cysteine residues present in wild-type NPM1. We found that that the C275A mutation, but not the C21A nor the C104A mutation, was uniquely able to reduce affinity isolation of NPM1 by the biotinylated avrainvillamide conjugate, indicating that avrainvillamide binds NPM1 specifically at Cys275. Following our initial report, other NPM1-interacting compounds have been identified. These include NSC348884, a synthetic polybenzimidazole alkaloid, 34 and a synthetic 76-nucleotide RNA aptamer, 35 both of which disrupt NPM1 oligomer formation and induce apoptosis in cancer cells. Recently, novel synthetic indoloquinolizines were reported that bind both NPM1 and Crm1 and are potent modulators of centrosome integrity. 36 Small molecules that specifically bind to NPMc+ proteins have not previously been described, so far as we are aware.
Here, we report that avrainvillamide binds to both wild-type and AML-associated mutant forms of NPM1, has profound effects on the localization of cytoplasmic mutants of NPM1, and provides experimental evidence that this activity arises from the interaction of avrainvillamide with both NPM1 and Crm1. We also show that avrainvillamide treatment influences the localization of Thr199-phosphorylated NPM1 during mitosis, causes deregulation of centrosome duplication, and leads to an accumulation of Thr199-phosphorylated NPM1 by inhibiting its dephosphorylation by the beta isoform of protein phosphatase 1 (PP1β). Avrainvillamide is the first small molecule demonstrated to interact with the C-terminal domain of wild-type NPM1 and NPMc+ variants and is the first small molecule shown to restore an apparent wild-type NPM1 localization phenotype in cells expressing NPMc+ proteins. Taken together, our results may begin to explain the antiproliferative effects of avrainvillamide and suggest new avenues for the study of NPM1 as a potential therapeutic target in human cancer.
■ RESULTS AND DISCUSSION
Avrainvillamide Binds Wild-Type NPM1 and AMLAssociated NPMc+ Mutants. To assess binding of avrainvillamide to mutant forms of NPM1, we conducted time-resolved mass spectrometric analyses of peptide constructs corresponding to the C-terminal domain of NPMc+ proteins (Ser243-Lys298) admixed with an excess of the natural product. In order to establish the validity of this approach, we first examined the interaction of avrainvillamide with a peptide corresponding to the C-terminal 52 residues of wildtype NPM1 (Ser243-Leu294). When an excess of avrainvillamide (150 μM, 3 equiv. relative to NPM1 peptide) was added to a solution of wild-type NPM1 peptide at 23°C, we observed the formation of an avrainvillamide−NPM1 peptide complex by ESI-TOF mass spectrometry (Figure 2A ), in accord with our previous affinity isolation assays. 33 The avrainvillamide−NPM1 peptide complex was observable within 1 min, and the fraction of NPM1 peptide bound by avrainvillamide appeared to reach a maximum value in approximately 2 h. When we repeated the same experiment with peptides corresponding to NPM1Mutant A and NPM1Mutant E, we observed the formation of the corresponding avrainvillamide−NPMc+ peptide adducts, suggesting that avrainvillamide binds to NPMc+ variants as well as to wild-type NPM1. The NPM1Mutant A and NPM1Mutant E constructs appeared to bind avrainvillamide more rapidly than the wild-type construct; the fraction of these NPMc+ constructs bound by avrainvillamide appeared to reach a maximum value within approximately 45 min ( Figure 2B ). Mass spectrometry also revealed that Cys288 of NPM1Mutant A is capable of binding avrainvillamide, as an avrainvillamide− NPM1 complex was observed for the NPM1Mutant A−C275A peptide. Furthermore, a complex between NPM1Mutant A (containing both Cys275 and Cys288) and two molecules of avrainvillamide was observed when a greater excess of avrainvillamide was added to the peptide solution (500 μM, 10 equiv. relative to NPM1 peptide). On the other hand, avrainvillamide-NPM1 adducts were not detected for the NPM1Mutant A-C275,288A and NPM1Mutant E-C275A peptides, consistent with our hypothesis that avrainvillamide interacts with proteins exclusively through cysteine residues.
The apparent kinetic selectivity for NPMc+ variants was further explored by assessing the relative rates of formation of the avrainvillamide−NPM1 complexes. To accomplish this, we studied the reaction between avrainvillamide and the NPM1 peptides at early time points (ca. 1−10 min), where the rates of formation of the adducts are essentially linear. In agreement with the above observations, avrainvillamide was found to alkylate the NPM1Mutant A and NPM1Mutant E peptides more rapidly than the wild-type NPM1 peptide ( Figure 2C ). We hypothesize that the faster rates of reaction of the NPMc+ peptides arise from the fact that these peptides are unfolded 24 and presumably possess more accessible cysteine residues than wild-type NPM1. Of the two C-terminal cysteines in NPM1Mutant A, the C288A mutation resulted in a 1.3-fold reduction in reaction rate, whereas the C275A mutation exhibited a corresponding 3.5-fold reduction, supporting our hypothesis that Cys275 is the primary avrainvillamide binding site within the C-terminal domain of NPM1Mutant A. We also found that avrainvillamide preferentially alkylated Cys275 of NPM1Mutant A in direct competition experiments. Thus, avrainvillamide bound a greater fraction of NPM1Mutant A than wild-type NPM1 in a solution containing equimolar amounts of the two peptides and a substoichiometric amount of avrainvillamide (spectra available within the Supporting Information). Similarly, avrainvillamide displayed a pronounced selectivity for the NPM1Mutant A−C288A peptide in solutions containing both the NPM1Mutant A−C275A and NPM1Mu-tant A−C288A peptides. Taken together, our data indicate that Cys275 of NPM1Mutant A is the primary binding site of avrainvillamide, and that alkylation of this residue has functional consequences in cells expressing both NPM1 and NPM1Mutant A (vide infra).
Avrainvillamide Influences the Localization of NPM1 Proteins in Cancer Cells. We next sought to determine whether avrainvillamide influences the subcellular localization of NPM1 and NPMc+ proteins in cultured cancer cells. To this end, we elected to study the localization of NPM1 in the OCI-AML3 cell line, which is heterozygous for NPM1/NPM1Mu-tant A 37 and, as a control, the OCI-AML2 cell line, which is homozygous for wild-type NPM1. Avrainvillamide was found to have moderate antiproliferative activity in both cell lines, with GI 50 values at 72 h of 0.35 ± 0.09 μM and 0.52 ± 0.15 μM for OCI-AML2 and OCI-AML3 cells, respectively. As expected, NPM1 was observed predominantly within the nucleoli of untreated OCI-AML2 cells; this localization was unchanged following treatment with sublethal doses of avrainvillamide (250 nM, 48 h; Figure 3A ). In contrast, NPM1 was observed in both the cytoplasm and nucleoli of control OCI-AML3 cells ( Figure 3B ). When these cells were treated with sublethal doses of avrainvillamide (250 nM, 48 h), NPM1 was observed predominantly in the nucleolus, although NPM1 was also observed diffusely throughout the nucleoplasm. At the highest concentration of avrainvillamide studied (4.0 μM, 48 h), which induces an apoptotic phenotype in both cell lines, we observed condensed or fragmented nuclei and a loss of nucleolar structure. However, the subcellular localization of NPM1 in apoptotic cells was markedly different between the two cell linesNPM1 was displaced from the nuclei of apoptotic OCI-AML2 cells, whereas the protein appeared to colocalize with the highly condensed nuclei of apoptotic OCI-AML3 cells. We also observed an apparent reduction in nucleolin expression levels in OCI-AML3 (but not OCI-AML2) cells, suggesting that the effects of avrainvillamide on the biology of leukemic cells may be cell line dependent.
To better understand the relocalization of NPM1 by avrainvillamide, we generated a series of eGFP-NPM1 constructs (Supporting Information Figure 1 ). For these experiments, we selected the HCT-116 human colon cancer cell line, which is homozygous wt-NPM1, on the basis of its moderate sensitivity toward avrainvillamide (GI 50 = 1.10 ± 0.04 μM) and the facility of plasmid DNA transfection within this cell line. Since the nuclear export of NPMc+ proteins is mediated by Crm1, we included leptomycin B (LMB, 2, Figure  1B ), a selective Crm1 inhibitor, as a control in these experiments. When HCT-116 cells were transfected with an eGFP-NPM1 wild-type plasmid, the eGFP fluorescence emission signal was detected exclusively in the nucleolus, as expected and in agreement with previous reports ( Figure  4) . 24, 25 This phenotype was not altered upon treatment with avrainvillamide. When cells were instead transfected with an eGFP-NPM1Mutant A plasmid, a cytoplasmic eGFP signal was observed, as expected. 24, 25 Following avrainvillamide treatment (1.0 μM, 24 h), the eGFP-NPM1Mutant A fusion protein was observed predominantly in the nucleolus, mimicking the distribution of the eGFP-NPM1 wild-type fusion protein. In contrast, and in agreement with previous reports, 25 LMB treatment (100 nM, 4 h) resulted in nuclear, but not nucleolar, retention of the eGFP-NPM1Mutant A protein (Supporting Information Figure 2 ), suggesting that a specific interaction between avrainvillamide and NPM1Mutant A was responsible for the observed relocalization of this protein to the nucleolus in HCT-116 cells.
To help elucidate the specific molecular interactions responsible for the relocalization of NPMc+ variants by avrainvillamide, we synthesized a series of N-terminal eGFPtagged NPM1 constructs containing mutations of one or both residues Cys275 and Cys288. The eGFP−NPM1Mutant A− C275A protein was observed in the cytoplasm of untreated cells, indicating that the C275A mutation does not alter the localization of NPM1Mutant A. When cells expressing this construct were treated with avrainvillamide, the protein was observed to localize within nuclei (but not specifically within nucleoli). In contrast, the eGFP−NPM1Mutant A−C288A mutant was observed in the nuclei of untreated cells 38 and was found to relocalize to nucleoli upon treatment with avrainvillamide. Since our mass spectrometric data indicated that avrainvillamide binds to the C-terminal domains of both NPM1Mutant A−C275A and NPM1Mutant A−C288A, our findings suggested that there is a functional difference between Cys275− and Cys288−avrainvillamide bound forms of NPM1Mutant A. Specifically, the interaction between avrainvillamide and Cys275 of NPM1Mutant A appears to uniquely restore nucleolar localization of the protein. We found that LMB induced nuclear retention of the cytoplasmic eGFP− NPM1Mutant A−C275A protein but had no effect on the localization of the nuclear eGFP−NPM1Mutant A−C288A protein, consistent with the documented ability of LMB to inhibit nuclear export through its binding to Crm1. 24, 25 Finally, neither avrainvillamide nor LMB treatment affected the localization of the eGFP−NPM1Mutant A−C275,288A protein (Supporting Information Figure 3) ; this was expected since this protein does not bind avrainvillamide and was observed to localize within nuclei (and not within the cytoplasm) of untreated cells.
We conducted an identical series of experiments using the less common NPM1Mutant E variant, which possesses a W290S mutation, retains Trp288, and localizes within nucleoli and the cytoplasm, but not within the nucleoplasm (Supporting Information Figure 4) . We found that both avrainvillamide and LMB treatment restored both eGFP-NPM1Mutant E and eGFP-NPM1Mutant E-C275A proteins to nucleoli. Since the eGFP−NPM1Mutant E−C275A protein does not possess a Cterminal cysteine residue and does not bind avrainvillamide ( Figure 2B ), this result implied that avrainvillamide binds to a cellular target or targets other than NPM1 in human cancer cells. Indeed, LMB treatment has previously been demonstrated to restore the eGFP−NPM1Mutant E protein to nucleoli, 25 suggesting that avrainvillamide may influence the localization of NPMc+ proteins both directly, by binding to NPM1, and indirectly, by inhibiting Crm1-mediated nuclear export, a hypothesis supported by experiments described below. The localization of all eGFP−NPM1 constructs following avrainvillamide and LMB treatment was also studied in HeLa S3 cells with identical results (Supporting Information Figure 5 ), indicating that the observed effects of avrainvillamide (and LMB) on NPMc+ localization are conserved across certain human cancer cell lines.
Avrainvillamide Does Not Appear to Alter the Cterminal Tertiary Structure of NPM1 Proteins. Our next goal was to develop a mechanistic understanding of the ability of avrainvillamide to relocalize NPMc+ proteins. Since the nucleolar localization of NPM1 is known to be highly dependent on the tertiary structure of its C-terminal domain, 24 we chose to study the effects of avrainvillamide on the tertiary structure of NPM1 C-terminal constructs by circular dichroism (CD) spectroscopy. These experiments, which are discussed fully in the Supporting Information, revealed that the tertiary structure of isolated C-terminal domains of NPM1 and NPMc+ proteins appears to be unaltered in the presence of avrainvillamide.
Avrainvillamide Inhibits the Nuclear Export of Crm1 Cargo Proteins. The cytoplasmic localization of NPMc+ proteins is believed to involve two factorsloss of the NoLS and the addition of a C-terminal NES, which enhances nuclear export by Crm1. 25 It has previously been demonstrated that LMB causes nuclear retention of NPMc+ proteins; 24, 25 LMB is proposed to inhibit the interaction between Crm1 and its cargo proteins by conjugate addition of the sulfhydryl group of Cys528 of Crm1 to the α,β-unsaturated lactone function of LMB. 39 As noted above, we also identified Crm1 as a potential binding partner of avrainvillamide in initial affinity-isolation assays employing a biotinylated derivative of avrainvillamide. 33 Based on our prior identification of Crm1 as a potential binding partner of avrainvillamide and the observation that avrainvillamide treatment influenced the localization of an NPMc+ variant which it did not bind (the eGFP-NPM1Mutant E-C275A protein), we reasoned that avrainvillamide may inhibit nuclear export by directly binding to Crm1.
To test the hypothesis that avrainvillamide inhibits the export function of Crm1 independent of its NPM1-binding activity, we studied the effects of avrainvillamide on subcellular localization of another Crm1 cargo protein, Ran Binding Protein 1 (RanBP1) by immunofluorescence microscopy. RanBP1 is exported from the nucleus by Crm1, 40 has no known interactions with NPM1, and was observed to localize predominantly in the cytoplasm of untreated HCT-116 cells ( Figure 5 ). When HCT-116 cells were treated with avrainvillamide (1.0 μM, 24 h) or leptomycin B (100 nM, 4 h), RanBP1 was observed to localize primarily within the nucleus ( Figure 5 ), suggesting that avrainvillamide influences Crm1-mediated nuclear export on a global level. We also studied the subcellular localization of an additional Crm1 export substrate, a cytoplasmic GFP-Rev fusion protein (Supporting Information Figure 6 ). 41 Both avrainvillamide and LMB treatment caused nuclear retention of this protein, further supporting the hypothesis that Crm1 is an additional cellular target of avrainvillamide. In order to further confirm these results we sought to observe the formation of a Crm1− avrainvillamide complex by mass spectroscopy. Although we found that avrainvillamide did bind to an 18-amino acid peptide corresponding to residues 513−530 of human Crm1 (it has previously been reported that this peptide is also alkylated by leptomycin B; 39 spectra are available within the Supporting Information), our attempts to observe longer Crm1 constructs (including a Trp491−Ala557 peptide construct and a His 6 -ZZCrm1 fusion protein) or their avrainvillamide adducts by mass spectrometry were unsuccessful.
Avrainvillamide Alters the Mitotic Localization of Thr199-Phosphorylated NPM1. As we have previously discussed, the interaction between Crm1 and wild-type NPM1 also plays a key role in cell-cycle regulation. Specifically, the reassociation of NPM1pThr199 with duplicated centrosomes during metaphase is thought to be a critical step to ensure that centrosome duplication occurs only once per cell cycle. 30 If NPM1 is displaced from the centrosomes, such as by siRNA knock-down of NPM1 or treatment with LMB, mitotic defects, including supernumerary centrosomes, are observed. 1 Since our data suggested that avrainvillamide inhibits the interaction between NPMc+ variants and Crm1, we sought to determine whether the interaction between wild-type NPM1 and Crm1 was similarly affected by avrainvillamide treatment.
When HCT-116 cells blocked in the S phase were released into medium containing avrainvillamide and examined during their first mitotic phase, we observed that Thr199-phosphorylated NPM1 was displaced from the centrosomes, although no other obvious morphological aberrations were apparent ( Figure  6A ). However, in subsequent mitotic cycles, supernumerary centrosomes were observed in the majority of cells ( Figure  6A ,B), in some cases resulting in tripolar mitotic morphologies. These observations are consistent with the hypothesis that displacement of Thr199-phosphorylated NPM1 from dupli- 
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Articles cated centrosomes enables centrosome reduplication, and suggest that avrainvillamide alters essential cellular processes by preventing NPM1 and Crm1 from interacting with their native binding partners.
Avrainvillamide Increases Cellular Levels of Thr199-Phosphorylated NPM1. NPM1 is phosphorylated on Thr199 by several kinases, including Cdk1, 42 Cdk2, 43 Cdk4, 44 and Cdk6, 45 and is dephosphorylated by PP1β. 46 Increases in NPM1 thr 199 phosphorylation are known to repress pre-mRNA splicing, 47 reduce NPM1-mediated DNA repair activity, 46 and target NPM1 to nuclear speckles. 47 Over the course of our studies, we observed an apparent increase in the amount of NPM1pThr199 in avrainvillamide-treated cells ( Figure 6B) ; this finding was confirmed by subsequent immunoblotting experiments (Supporting Information Figure 7 ). To identify potential mechanisms behind this observation, we studied the effects of avrainvillamide on PP1β activity. Avrainvillamide inhibited in vitro dephosphorylation of NPM1pThr199 by PP1β ( Figure 7A ). On the other hand, avrainvillamide did not affect the phosphatase activity of PP1β in a standard assay employing 4-nitrophenyl phosphate as a substrate ( Figure 7B ). Our results indicate that avrainvillamide increases the relative amount of NPM1pThr199 by preventing the action of PP1β on NPM1, rather than by direct inhibition of PP1β itself. Leptomycin B did not inhibit NPM1 dephosphorylation in these assays, consistent with the hypothesis that the NPM1-binding activity of avrainvillamide is responsible for the observed increase of Thr199-phosphorylated NPM1. Taken together, our results suggest that avrainvillamide may influence the cellular functions of NPM1 by causing an accumulation of Thr199-phosphorylated NPM1. Since Thr199 phosphorylation of NPM1 displaces it from the nucleolus, 47 we hypothesize that elevated levels of NPM1pThr199 may cause significant disruption of the normal structure and function of nucleoli. Indeed, cells treated with toxic concentrations of avrainvillamide for ≥2 days routinely displayed abnormal nuclear and nucleolar morphologies (Figures 3, 6B ).
■ CONCLUSIONS
We have found that the natural product avrainvillamide has remarkable effects upon the biology of cancer cells, likely due to its interactions with NPM1 and Crm1. Avrainvillamide relocalizes certain cytoplasmic NPM1 mutants to the nucleoli of HCT-116 and HeLa S3 cells and inhibits the nuclear export of NPM1 in NPMc+ AML cells. Although avrainvillamide was equally effective in inhibiting the growth of OCI-AML2 and OCI-AML3 cells, lethal doses of avrainvillamide induced different NPM1 localization phenotypes in the two cell lines, suggesting that the effects of avrainvillamide on leukemic cell biology are cell-line-(and potentially NPM1 mutational status-) dependent. We hypothesize that avrainvillamide relocalizes NPMc+ proteins by altering both key factors responsible for its cytoplasmic localizationloss of the C-terminal NoLS of NPM1 and enhanced nuclear export by Crm1. Avrainvillamide, when bound to Cys275 (but not Cys288) of NPM1Mutant A appears to serve as a surrogate NoLS in HCT-116 and HeLa S3 cells. Additionally, avrainvillamide inhibits Crm1-mediated export of NPMc+ proteins, presumably by direct interaction of avrainvillamide with Cys528 of Crm1.
We additionally observe that the ability of avrainvillamide to bind to Crm1 and prevent its binding to NES-containing proteins appears to disrupt the interaction between Crm1 and Thr199-phosphorylated NPM1 at key points in the cell-cycle, resulting in unregulated centrosome duplication. Simultaneously, avrainvillamide causes an increase in the amount of Thr199-phosphorylated NPM1, likely by inhibiting the action of PP1β on NPM1. Since Thr199 phosphorylation targets NPM1 to nuclear speckles, 47 avrainvillamide-mediated increases in phospho-NPM1 may indirectly displace NPM1 from the nucleolus. Given the structural and functional importance of NPM1 in the nucleolus and nucleus, 7 this finding suggests a potential for global disruption of cellular structure and function by avrainvillamide. Indeed, cells exposed to lethal doses of avrainvillamide displayed nuclear and nucleolar abnormalities in OCI-AML2, OCI-AML3, and HCT-116 cells (Figures 3, 6B) . It is important to note, however, that avrainvillamide does not appear to displace NPM1 from the nucleolus at lower doses or shorter time points (Figures 3, 4) . Rather, it seems that extended avrainvillamide treatment results in an accumulation of Thr199-phosphorylated NPM1, eventually depleting NPM1 in the nucleolus. Thus, the observed effects of avrainvillamide on the subcellular localization of NPMc+ variants may represent a sublethal phenotype, while the effects of avrainvillamide on the relative levels of Thr199-phosphorylated NPM1 and on the localization of Thr199-phosphorylated NPM1 during mitosis may help explain avrainvillamide-induced antiproliferation in human cancer cells. Taken together, our data suggest that avrainvillamide affects cell biology both by directly binding NPM1 and Crm1 as well as by inhibiting the association of these proteins with certain native cellular partners.
■ METHODS
Complete experimental procedures are available within the Supporting Information. 
